Individual carbocyanine dye molecules in a sub-monolayer spread have been imaged with near-field scanning optical microscopy. Molecules can be repeatedly detected and spatially localized (to -X/50 where X is the wavelength of light) with a sensitivity of at least 0.005 molecules/(Hz)"12 and the orientation of each molecular dipole can be determined. This information is exploited to map the electric field distribution in the near-field aperture with molecular spatial resolution. Fig. iD) is consistent with the emission expected from a single diIC12(3) molecule under the known excitation conditions (21). Fourth, each structure in Fig. 1 has a well-defined dipole orientation as discussed below. Finally,
and the angular distribution of emitted radiation which can occur in the vicinity of a dielectric interface (7) (8) (9) . Although SMD of molecules with numerous (-30) chromophores has been possible for some time (10) (11) (12) To achieve further gains in SMD, we have reduced the optical excitation volume even further-indeed, to subwavelength proportions in all three dimensions. This is accomplished using illumination mode near-field scanning optical microscopy (NSOM) (13) (15) . Further axial confinement of this signal may be afforded by enhanced fluorescence excitation from evanescent fields of large amplitude predicted to exist in the near field of a subwavelength aperture (16) . Complete images of the lateral distribution of molecules with transverse resolution on the order of the aperture size can then be generated by raster scanning the sample relative to the probe and recording the fluorescence signal obtained at each point (17) .
As (13) and (15) , with the results shown in Fig. 1 (21) . Fourth, each structure in Fig. 1 has a well-defined dipole orientation as discussed below. Finally, ***'******.*.*.4*.V.*.*.*...**. .,,..,,. **.*.*,..%" .'....., ***. Fig. 1B) , and double arcs (molecule f in Fig. IF) . In retrospect, and with the aid of the sketch in Fig. 2 , such results are understandable when we recall that a dye molecule acts as an electric dipole in its interaction with an incident electromagnetic field, so that each molecule in the field of view serves as a point detector excited by the square of that component of the electric field E emerging from the aperture that is along the molecular dipole direction p. The total observed intensity is then given by:
x Ip(x = xo, 0,4)) * E(x,y,z = zo)12 (1) where cosO = p e, cos4)sinO = p ex, and A is a collection efficiency correction factor for an objective of numerical aperture NA = nosingi which depends upon the vertical orientation 0 and the distance d of the dipole from the substrate-air interface (9).
With high NA collection (--r/2) C and no analyzer before the detector (Fig. 1,  A and D through F) , A is roughly independent of 0, o), and d at a purely dieletric interface (9) , so that the excitation term 1p-El2 is the dominant variable. Consequently, molecules in Fig. 1 with dipole orientations approximately aligned along the axes defined by the excitation polarization [which is fixed (14, 24) in Fig. 1, E and F] and the normal to the plane of the aperture provide maps of the square of the components of the electric field along each of these directions. In particular, molecule c in Fig. 1E maps E,2 and molecule f in Fig. lF maps EJ2. These maps are shown in expanded form in the center of Fig. 3 and compared to the squared fields predicted by Bethe (25) [with corrections by Bouwkamp (26) ] to emerge from a small aperture (a/X < < 1) in an infinitessimally thin, perfectly conducting planar screen.
From this comparison, we conclude that the predictions of the model are quite good, despite its obvious limitations. Furthermore, by using the model to plot E.2 and EJ2 for several zia values as shown in Fig. 3 , and given the known aperture radius a -50 nm, we determine the dipole-aperture separation of z~15 nm for molecules c and f. This is consistent with the feedback distance estimated from shear force approach curves (27) , assuming the chromophore in each case is resting near the upper surface of the PMMA. Thus, we can transversely . .. resolve molecules to~X/10 (that is, to within -a), transversely localize molecules to at least X/40 (that is, the pixel size), and axially localize molecules to at least X/100.
The experimental field maps in the center of Fig. 3 are also of interest because they represent a direct determination of the electric field distribution in a subwavelength aperture at optical frequencies. As such, they may aid in developing an understanding of unusual optical contrast effects observed in the near field (28) .
For those images where the excitation polarization is not fixed but varies randomly in time (Fig. 1, A through D) , the intensity is given by a time average of the suitably modified version of Eq. 1, yielding the average of the two intensities obtained under the orthogonal fixed polarizations.
Thus, for example, the a double arcs for molecule f j 1, E and F, yields the asym Fig. 1, A Fig. 1 for molecules c(E,2) and f(E,2).
average of the ized excitation in Fig. 1 , E and F. in each of Fig. Given the good agreement of the model imetric rings in to the data for molecular dipoles aligned ited, the emis-along the principle axes, we can extend it lecule depends to predict the patterns expected to be nsequently, for observed under other dipole orientations. inantly aligned By doing this, we find that patterns correi of radiation sponding to every pair of structures in Fig.  rains circularly 1 , E and F, can be generated, thereby appearance is allowing us to determine the orientation ear polarizer is of every molecular dipole in the field of to analyze the view. Working in this fashion, the sche-1, B and C). maticized dipole orientation map in Fig. 4 ich as b and g was constructed. spectively, the From this map, we first discover that ninantly polar-there is little if any preferential orientathe alternately tion to the chromophores of the molecules g. 1, B and C, as they rest upon the PMMA. Second, the ed under polar-good fit of the data to the model for each molecule (in terms of intensity as well as shape) suggests that the apparent absorp--0.8 tion cross section and quantum yield are quite uniform (taking into account the orientational dependence), which provides further evidence of SMD. Finally, we note that it is possible to use these same methods in conjunction with the data in Fig. 1 , B and C, to determine the emission dipole orientations as well as the absorption dipole directions shown here. Average orientations of large ensembles of molecules have been measured previously by conventional (19) and evanescent (8) fluorescence polarization microscopy as well as by second-harmonic generation (29) . In contrast, in Fig. 4 the fixed dipole orientations of individual molecules have been determined. In addition, however, this in-__________ formation is provided along with an unsur-200 nm passed ability to resolve closely packed molarious normalized ecules and localize individual molecules. center) observed On top of this, the results of the model can be extended to all z values as in Fig. 3 Higher sensitivity might be achieved at higher power, with the eventual limit being determined by tip heating effects. Alternatively, the sensitivity could be enhanced by increasing the aperture size beyond 100 nm, but with a concomitant loss of spatial resolution and an eventual limit occurring when the background level (which would also increase due to the increasing effective excitation volume) becomes comparable to the shot noise for the measurement bandwidth chosen. 23. Figure 1 F is actually the tenth image of the series, since two images each were taken of Fig. 1, B , C, E, and F.
A diversity of problems concerning the structure, growth, and aspects of the electronic structure of surfaces and interfaces has been addressed with the use of the STM (1). An exciting prospect is to perform local experimentation with individual adsorbed molecules (2) . Inelastic processes excited by tunneling electrons, which are known to carry specific information on molecular systems (3), are difficult to observe by conventional STM. They may, however, be investigated by the detection of photons emitted from the tip-sample region (4, 5). The use of STM as an excitation source that is confined to subnanometer dimensions may open an avenue to combine powerful optical techniques with the high spatial resolution of the STM. Here we report spatially resolved photon emission from individual C60 molecules. For hexagonal arrays of C60, we observe the strongest fluorescence when the tip of an STM is centered above an individual molecule. The mapping of this pho-R. Berndt The experiments were conducted with a custom-built, low-temperature, ultra-high vacuum (UHV) STM operating at a pressure of 10-mbar and employing temperatures of 5 and 50 K (6). Low temperatures improve the stability of imaging at elevated currents and voltages. The samples were prepared in situ by UHV sublimation of C60 onto clean, Au(l 10) 1 x 2-reconstructed surfaces, followed by annealing to 650 K before cooling. The structural properties of thin layers of C60 have been thoroughly investigated by STM (7). Electrochemically etched W, and Pt, tips were cleaned in the UHV by heating and Ne ion bombardment. Photons were collected with a low f-number lens mounted in the cryostat and counted by a cooled photomultiplier. Measurement of the photon signal was performed quasi-simultaneously with the acquisition of constant-current topographs for each image pixel. 
